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Abstract

A novel method has been discovered for growing uranium oxide films onto iron substrates from solution. The films were
characterized by X-ray photoelectron spectroscopy, X-ray diffraction, scanning electron microscopy, Rutherford back-
scattering spectrometry, and near-edge X-ray absorption fine structure. The as-grown films appear to be iridescent. They are
composed of an amorphous uranium(VI) oxide with water incorporated, and are most likely a partially dehydrated schoepite.
Topographic images reveal that the surfaces of the films are basically flat, but contain some small hills and valleys. Small
cracks are distributed randomly across the surfaces. Upon heating in vacuum, the films crystallize and reduce to a uranium(IV)
oxide, and the cracks enlarge. When a heated sample is exposed to air, the surface re-oxidizes to uranium(VI) while the bulk
remains as crystalline uranium(IV) oxide. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The manufacture of nuclear weapons and fuel-
grade uranium has produced tremendous amounts
of radioactive waste materials that are being stored
at DOE complexes and reactor sites throughout the
United States. Spent nuclear fuel is typically 95-99%
UO,, while the remaining fraction is composed of
fission products and transuranic elements that formed
during reactor operation [1]. Studies on the corrosion
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rates and reaction products of spent nuclear fuel have
found several uranyl phases depending upon the
temperature, humidity, and oxygen pressure. Surface
coatings that have been identified on corroding fuel
pellets include U409, U307, dehydrated schoepite
[(UO2)00.25-x(OH), 5,,, (where 0 < x < 0.25)], and
U305 [2-4]. Leakage from underground storage
of radioactive wastes has led to the introduction of
radioactive contaminants, including uranium, into
the groundwater in the vicinity of many of the DOE
sites. Contaminated sites include Hanford, WA,
Snake River Aquifer, ID and Bear Creek in Oak
Ridge, TN. In order to remove the contaminants
from soils, sediments, and groundwaters, it is essential
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to have a complete understanding of the interactions
of the contaminants and their compounds with the
environment and with the materials that are used for
remediation.

Zero-valent iron (ZVI) is a leading candidate mate-
rial for the use in cleaning up groundwater contami-
nants [5]. Most aqueous contaminants are in their fully
oxidized forms when in the environment. It has been
widely believed that ZVI removes contaminants by a
surface chemical reduction reaction, which immobi-
lizes them. In earlier studies, however, it was found
that although many aqueous contaminants (including
U) are deposited onto Fe surfaces by reduction [6-8],
uranyl ions may also be removed by non-reductive
precipitation [6]. In [6], untreated Fe foil was reacted
in an aqueous solution containing uranyl ions. Follow-
ing reaction, the foil was probed with X-ray photoelec-
tron spectroscopy (XPS), which showed that uranium
was deposited onto the surface as U(VI), i.e., without
reduction. It was also found that the amount of uranium
deposited on the surface is very sensitive to the dis-
solved gases in solution. If atmospheric gases were
present in the solution, a 10 A thick uranium oxide film
was deposited onto the surface. When the dissolved
atmospheric gases were removed from solution, how-
ever, a much thicker film, composed of a U(VI) oxide,
formed on the surface. The film was thick enough that
no XPS Fe signal was detectable from the substrate.
Presumably, the important gas being purged during
growth is CO,, which readily reacts with uranium in
solution to form uranyl-carbonate complexes.

This technique for growing thick uranium oxide
films from solution provides a method of sample
preparation that will enable other kinds of experiments
involving uranium oxide surfaces [6]. The films are
thin enough that the radioactivity is negligible com-
pared to that associated with bulk uranium oxides,
thereby making it less hazardous for use in a variety of
laboratories. This opens up new opportunities for
research involving uranium oxide surfaces, such as
investigating the chemical reactivity of the materials
and the effects of radiation on the surface composition
and chemistry. In addition, these materials can be
exposed to environmental conditions, such as those
found in underground storage and in the vadose zone,
in order to ascertain the stability of uranium oxides.

To effectively utilize the uranium oxide films, how-
ever, they must be carefully characterized with respect

to their physical and chemical properties. In this work,
films grown from solution onto Fe substrates were
investigated by a variety of techniques. The techniques
include XPS, X-ray diffraction (XRD), Rutherford
backscattering spectrometry (RBS), scanning electron
microscopy (SEM), low energy ion scattering (LEIS),
and near-edge X-ray absorption fine structure (NEX-
AFS). The combination of these techniques enables
the determination of the physical and chemical proper-
ties of both the bulk and surface regions of the film.

The results of the different techniques are in general
agreement with each other, and suggest that the as-
grown film is an amorphous uranium(VI) oxide with a
certain amount of incorporated water, tentatively iden-
tified as a partially dehydrated schoepite. The thick-
ness of the films is in the order of 1 um, and there are
small cracks distributed across the film surface. When
heated in vacuum, the film reduces to a uranium(IV)
oxide and crystallizes, while the cracks enlarge. Heat-
ing does not affect the general morphology of the film
surface, however. Upon exposure to air, the surface re-
oxidizes to uranium(VI), but the bulk of the material
remains a crystalline uranium(I'V) oxide.

2. Experimental procedures

The uranium oxide films were grown in solution by
reacting iron foil (Alfa Aesar, 99.99%) in 200 ml of a
1 mM uranyl nitrate solution at pH 5 for 3 h. The iron
foil was stored in a vacuum desiccator prior to reac-
tion. No modification was made to the foil surface
before reaction, i.e., the native oxide was intact.
Acetone and methanol were used to remove grease
from the foil surface before inserting the foil into the
solution. Deionized water was deaerated with high
purity (99.99%) Ar gas for more than 24 h before
mixing with the uranyl nitrate powder. The uranyl
nitrate solution was continuously purged with the Ar
during the entire reaction to prevent O, and CO,
dissolution. The solution pH was adjusted to 5 before
reaction, but was not further controlled. The pH at the
end of reaction increased only slightly to 5.3. After the
3 h reaction, the sample was pulled out and dried
in air. Although different samples were used for
RBS and LEIS than for XPS, NEXAFS, XRD, and
SEM, the growth conditions were the same for all of
the samples.
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The morphology of the surfaces was investigated
with SEM. The instrument (Philips Model XL30-
FEG), which is equipped with both secondary electron
(SE) and backscattered electron (BSE) detectors, was
operated at 30 kV. Images were acquired in both the
SE and BSE modes with the sample normal to the
electron beam. The concentrations of each element
present in the film were estimated by energy dispersive
X-ray (EDX) analysis. SEM was also used to estimate
the thickness of the as-grown film. To do this, the
sample was mounted 45° off normal and rotated in
such a way that the edge of the film could be seen. The
thickness of the film was then determined by estimat-
ing the height of the film edge from the image.

XPS was performed in a stainless steel ultra-high
vacuum (UHV) chamber with a base pressure of
1 x 107" Torr. The details of this system are
described elsewhere [6]. The sample was mounted
onto a sample holder equipped with e-beam heating
and a K-type thermocouple. To insure that the surface
oxidation states were not altered during the sample
transfer from solution to the UHV chamber, a reaction
vessel was setup inside a glove bag filled with Ar for
some of the measurements. The glove bag was
attached directly to a load lock door on the transfer
chamber. In this manner, the sample was kept entirely
under an inert atmosphere while being moved from the
solution into the UHV chamber.

NEXAFS spectra were collected on beamline 4-1 of
the Stanford Synchrotron Radiation Laboratory
(SSRL). The sample was kept at room temperature
during the measurements. A Si(2 2 0) double crystal
monochromator with a 1 mm upstream aperture was
used as an excitation source, while fluorescence was
employed to monitor absorption. Fluorescence data
were collected for all samples using a Canberra 13-
element Ge detector. The samples and standards were
analyzed at an angle of approximately 45° to the
incident beam. Inert gases (N, or Ar) were used to
fill the ionization chamber before and after the sam-
ples and standards were introduced. Commercial
UO; (CERAC, 99.8% purity) and UO, (Johnson
Matthey, 99.8% purity) bulk materials were used as
the standards.

A 2.06 MeV He™ ion beam was used for the RBS
measurements. The sample was mounted at the center
of the stage of a 2-axis goniometer that is located in the
channeling beamline of a General Ionex Model 4117

Tandetron accelerator. The He ™™ ion beam was nor-
mal to the sample surface, and the backscattered ions
were recorded with a Si surface barrier detector
mounted at an angle of 165° from the incident beam
direction. The beam was collimated to a rectangular
spot approximately 1mm X 2mm. The combined
energy resolution of the beam, detector and electronics
was about 20 keV. RBS data were recorded over 512
channels at a rate low enough to keep pulse pileup
negligible.

XRD spectra were collected in continuous step scan
mode using a Siemens D500 diffractometer with Cu
Ko radiation. A Digital PDP11 microcomputer was
interfaced to the diffractometer via a DACO-MP
interface. DIFFRAC-AT software was used to collect,
process, and analyze the XRD spectra. The X-ray
scans for all samples were run at 3.5 s per 0.01° as
20 was scanned from 2.00° to 90.00°. All samples
were run in air. The spectra were background sub-
tracted and numerically smoothed.

To monitor the changes of the uranium oxide
surface species with annealing temperature, LEIS
measurements were performed in a separate UHV
chamber, which had a base pressure of 1Xx
1071 Torr [9]. A differentially pumped sputter ion
gun was used as the He™ ion source and a 100 mm
radius concentric hemispherical analyzer (CHA) was
employed to detect the scattered ions. The incident ion
flux was 1 x 10" ions/ cm?. The scattering angle was
135° and the CHA analyzer was operated in the fixed
retardation mode with a retarding ratio of 5.

3. Results

Before reaction, the Fe foils had the usual shiny,
metallic color, but after 3 h of reaction in the uranyl
solution and drying in air, they appeared iridescent.
Fig. 1(a) shows a photograph of a foil before reaction,
while photographs of two reacted foils are shown in
Fig. 1(b); one is navy blue and the other is orange-red.
This suggests that the film thickness is in the order of
the wavelength of visible light, and that the color is
due to the interference of the light reflecting from the
top and bottom surfaces of the film.

The microscopic surface morphology is revealed
by the SEM images, which are shown in Fig. 2. SE
images are shown at different lateral resolutions in
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Fig. 1. Photographs of: (a) an Fe foil before reaction; (b) two samples following uranium oxide film growth.

Fig. 2. Representative SEM images collected from the as-grown uranium oxide film. (a)—(c) are SE images with increasing in resolution, (d) is
the BSE image. The beam energy was 30 keV.
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Fig. 2(a)—(c). The surface of the film is generally flat,
but it contains many circular protrusions, in the order
of 1 um in diameter, which are visible as bright spots
across the surface of the film. There are also a number
of cracks in the films. The width of the cracks is in
the order of nanometers, with the largest one being
70 nm wide.

Since the SE signal depends on both the chemical
composition and topography of the imaged area,
however, it cannot be used reliably to characterize
the chemical homogeneity of a sample. To reveal the
compositional homogeneity of the films, BSEs were
employed. Images were collected with a dedicated
solid-state BSE detector operated in Z-contrast
mode with a spatial resolution in the order of
0.1 um [10]. The protrusions seen in the images
are in the order of 1 pm in diameter, which implies
that BSE imaging can successfully characterize the
chemical homogeneity of the film. A BSE image in
Z-contrast mode was collected from the as-grown
film and is displayed in Fig. 2(d). The similar
intensity of the protrusions and the surrounding flat
areas is strong evidence that the small protrusions
have the same chemical composition and density
as the rest of the film. This was confirmed also by
EDX spot analyses, which did not show any differ-
ence in the composition of the protrusions and the
flat areas. The fact that some protrusions appear
much brighter in SE mode is due to the fact that
edges and small grains always appear brighter in SE
due to the decreased absorption and consequently
stronger signal caused by a reduced interaction
volume as compared to flat areas.

In order to estimate the thickness of the films, a
region was intentionally peeled away by cutting the
sample. The sample was then placed at 45° angle from
normal so that the edge of the film could be viewed.
Edge-view images are shown at different resolutions
in Fig. 3(a)-(c). The film appears dark, while the
substrate is bright. The edge of a film is clearly seen
in these images, from which the height is estimated to
be in the range of 450-700 nm.

SE images collected from a sample that was
annealed in vacuum at 450°C for 10 min are shown
in Fig. 4(a)—(c). The general morphology is similar to
that of the as-grown material, but the cracks have
increased in number and became enlarged, with some
approaching a width of 1 um.

Fig. 3. Side view SEM images collected from the as-grown
uranium oxide film. The beam energy was 30 keV. The resolution
of the images increases from the top to the bottom. The thickness
of the film can be estimated from this view.

EDX showed uranium, oxygen and iron as the
major elements comprising both the as-grown and
heated samples. The Fe signal is attributed to the
substrate Fe foil. The escape depth of the X-rays is
larger than the film thickness, so the Fe EDX signal
could come from Fe visible through the film, or from
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Fig. 4. Representative SEM images collected from a uranium
oxide film that was heated in vacuum to 450°C for 10 min. All
images are collected from SEs. The beam energy was 30 keV. The
resolution of the images increases from the top to the bottom.

substrate Fe exposed by the cracks. The U to O ratio of
the film is difficult to determine from the EDX data,
since native Fe oxides exist on the substrate before
reaction and the substrate itself may have been further
oxidized during reaction. However, the results do
show that the as-grown film consists solely of uranium

and oxygen. Note, however, that H cannot be excluded
based upon the EDX results. In addition, some C was
found in the annealed sample. This suggests that
uranium carbonate, which is a stable uranium com-
pound, may have formed on the surface by reaction
with atmospheric CO, when the sample was exposed
to air after heating in vacuum and prior to insertion
into the SEM instrument.

The chemical composition of the surface region of
the film was determined from XPS. The unreacted
samples were covered with a layer of Fe(Ill) oxide,
i.e., Fe,03, which was thick enough to obscure the Fe
metal below [6]. After reaction, however, the surface
was completely covered with a uranium oxide film. A
survey scan collected from the as-grown film is shown
in Fig. 5. The only photoelectron signals observed can
be assigned to uranium, oxygen and carbon core
levels. Neither Fe photoemission nor Fe Auger signals
are present in the spectra. The lack of any measurable
Fe signal confirms that a relatively thick uranium
oxide film has formed on the Fe substrate. The relative
intensities of the XPS peaks indicate that the surface of
the film is composed primarily of uranium and oxy-
gen, with a trace amount of carbon.

A blow-up of the U 4f region of the as-grown
sample is shown in spectrum (a) of Fig. 6. The U
4f;, peak of the as-grown material has a binding
energy of 381.8 eV, which is indicative of the U(VI)
oxidation state, as discussed previously [6]. An XPS
spectrum collected after annealing the sample in
vacuum at 450°C for 10 min is shown in trace (b)
of Fig. 6. After annealing, the U 4f peaks shift towards
lower binding energy by almost 2 eV, and a satellite,
which is marked with an arrow, appears at an apparent
binding energy of 386.5 eV. The binding energy shift
and the satellite feature are in excellent agreement
with XPS spectra collected previously from a single
crystal of UO, [9]. Thus, it can be concluded that
heating the sample in vacuum removes oxygen from
the film, thereby reducing it to a U(IV) oxide. Spec-
trum (c) in Fig. 6 was collected from the annealed
surface following exposure to air for 5 days. After the
air exposure, the U 4f peak shifted back towards
higher binding energy and the satellite feature dis-
appeared. The binding energy of the peak in spectrum
(c) of Fig. 6 is identical to that of spectrum (a), which
suggests that air exposure re-oxidizes the surface
region to U(VI).
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Fig. 5. XPS survey spectra collected from the surface of an as-grown uranium oxide film.

Additional support for the notion that the uranium
is deposited from solution as U(VI), rather than as
UdV), was provided by the following experiment.
Although it is clear from XPS that the surface region
of the film is composed of U(VI), there is a possibility
that uranium was first deposited from solution onto
the surface in the reduced form, i.e., U(IV), but then
the surface species re-oxidized to (VI) during the
sample transfer from air to UHV. To determine
whether the air exposure modified the surface species,
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uav)
U 4f vov | IU(O)
:@ (c) Heated sample
5 exposed to air
%
; (b) Sample heated to
= |450° C in vacuum
w
=]
0
~—
]
= |(a) As grown
pova b b b b s by a1
410 400 390 380 370

Binding Energy (eV)

Fig. 6. U 4f XPS spectra obtained from uranium oxide films at
various stages, as indicated in the legend.

a set of measurements was performed on samples that
were reacted inside of a glove bag. The glove bag was
purged with a constant flow of high purity Ar gas so
that the reacted sample had no exposure to air during
the entire transfer from solution to the UHV chamber.
The XPS spectra collected after reaction in the glove
bag showed the same uranium oxidation state as was
obtained following transfer through air. Thus, reaction
with air during the transfer can be ruled out as con-
tributing to U(VI) formation. In addition, the surface
reacted in the glove bag was found to be nearly
carbon-free, which suggests that the trace amount
of carbon observed on other samples was picked up
during the transfer through air.

NEXAFS is a much more bulk-sensitive technique
than XPS, and the results indicate that the oxidation
states observed in XPS are consistent throughout the
bulk of the film. NEXAFS spectra collected from
samples and standards are shown in Fig. 7, in which
they are plotted on a relative energy scale with the
UdV) Ly edge assigned as 0. The absorption edge
was defined at the half-height, which was determined
by the derivative of the spectrum after normalization
to the maximum above-edge intensity. The spectrum
collected from the as-grown sample has the same
features as that from the standard UO; powder, as
shown in spectra (a) and (b) of Fig. 7. The edge
position (vertical line A) is the same in both spectra,
and is shifted about 4 eV towards higher energy than
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Fig. 7. NEXAFS spectra at the U Ly;; edge collected from various
uranium oxide films. Specifications are shown in the legend. The
horizontal axis is a relative energy scale with the U(IV) edge
defined as 0.

the U(IV) edge (vertical line C). Also, a shoulder at
about 20 eV above the U(IV) edge is discernable in
both spectra, as indicated by line B. These features
confirm that the uranium in the as-grown film is indeed
in the U(VI) oxidation state [11,12]. This does not rule
out the possibility, however, that a very thin layer of
U(IV) exists adjacent to the iron substrate. Further-
more, the spectrum collected from the heat-treated
sample is identical to the standard U(IV) material
(spectra (c) and (d) in Fig. 7). Both have the same
edge position and post-edge features, as indicated by
line C and the arrows. Note that there may be a small
feature at a binding energy close to feature B in spectra
(c) and (d), but it is not as pronounced as it is in spectra
(a) and (b). Thus, it is concluded that the bulk of the
film is converted to U(IV) upon heating in vacuum.
RBS was used as a quantitative measure of the bulk
composition and thickness of the uranium oxide films.
The analysis was performed by matching the RBS data
to the simulated spectra generated with the RUMP
RBS analysis software package [13,14]. The RBS
spectra collected from the as-grown film (solid line)
and after a light anneal at 235°C for 1 h in 1 atm of
flowing N, (dashed line) are shown in Fig. 8. U, Fe,
and O edges can be seen in the spectra. The U and O
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5x10* T T T T
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T —T T = =
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Fig. 8. Comparison of pre- and post-anneal RBS spectra collected
from uranium oxide films, normalized to the same Fe substrate
signal.

edges are at the elastic energies, which are marked
with dashed vertical lines, which indicate that U and O
are present at the outermost surface. Because the Fe
substrate is buried beneath the film, the Fe edge has its
main intensity well below the elastic energy. There is,
however, a small edge at the Fe elastic energy, which
indicates that there is either some Fe incorporated in
the U oxide film, or that the surface of the Fe substrate
is directly visible through holes or cracks in the film.

The stoichiometry of the film was determined by
integration of the respective peaks. In order to inte-
grate the O peak, a background was subtracted, which
was modeled by a 4th-order polynomial fit to the
surrounding substrate signal. The spectrum collected
from the as-grown sample showed a layer whose O:U
ratio was about 4.5. The intensities of the U and O
peaks could only be normalized to the Fe substrate
signal, however, by postulating the presence of an
undetectable light constituent in the film, which can
be assumed to be hydrogen. With this assumption, the
film would have a composition of [UOs], + [H,0], s+
Fey ;5. Note that the Fe signal is most likely not due to
incorporation of Fe within the film, but is more likely
due to the presence of pinholes or cracks exposing
some of the substrate, consistent with the cracks seen
in SEM images. The UO; constituent is calculated to
have an areal density (total U + O atoms) of about
1 x 10'8 atoms/cm?. This is equivalent to a thickness
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of 650 nm for dense, dry, amorphous UOj3, assuming
a density of 7.29 g/lem® and a formula weight of
286.1 g/mol. This thickness is consistent with the
estimate from the off-normal SEM images. The
RBS spectrum collected after the light anneal showed
that the O:U ratio was reduced to 3.8, but the UO3
constituent had the same areal density. This implies a
reduced water content, i.e., the film’s composition
changed to [UO;3]; + [H20] 5 + Feo..

A blow-up of the oxygen region collected from the
as-grown sample is shown in Fig. 9, along with two
simulated spectra. These data could only be modeled
properly if it was assumed that a 40 nm thick inter-
mediate layer of Fe,O; existed between the uranium
oxide film and the Fe substrate (assuming a Fe,O5 den-
sity of 5.24 g/cm? and a formula weight of 159.7 g/mol).
Note that the intermediate layer was unaffected by the
light anneal. This Fe,O5 could be attributed partly to
the native oxide present on the Fe foil surface before
reaction, and partly to the corrosion and further oxida-
tion of the Fe substrate while in solution. Unfortu-
nately, we do not have a measure of the thickness of
the native oxide present before reaction, so we cannot
estimate the extent of the additional oxidation.

Additional RBS spectra were collected from ano-
ther film that had been annealed in UHV at 350°C for
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Fig. 9. Blow-up of the O peak in the RBS spectrum collected prior
to annealing after subtracting off a 4th-order fit to the surrounding
Fe substrate signal. Two simulations are included, one (dotted
curve) reflecting only the hydrated UO; layer, and the other
(dashed curve) also including a 40 nm thick Fe,O; intermediate

layer.

30 min. A spectrum collected after the 350°C anneal
(solid line) is shown along with a RUMP simulation
(dashed line) in Fig. 10. A blow-up of the O region is
shown in Fig. 11. The shapes of both the U and O

Energy (MeV)

0.5 1.0

1.5 2.0 2.5

12x10* T
1.0

0.8 —

Counts
o
()]
d

0.4 - &M'%wm i

0.2 -

LA Y S B S S S N

0.0 b

300 400 500

Channel

Fig. 10. RBS spectrum collected from another uranium oxide film after it was annealed in UHV at 350°C (solid line), shown along with the
RUMP simulation of UO, normalized to the Fe substrate signal (excluding the “exposed” Fe).
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Fig. 11. Blow-up of the O peak in the RBS spectrum collected from the same sample as used for Fig. 10 along with a simulation of the
data. The simulation appears to exceed the data, suggesting the presence of an additional constituent in the real film, which is most

probably H.

peaks suggest that there are two regions in the film
following the 350°C anneal. Because the counting
statistics were inadequate to isolate the oxygen
peak by subtracting the substrate signal (i.e., by fitting
the substrate signal with a polynomial and interpolat-
ing), the oxygen level was roughly estimated by
normalizing the spectrum to the Fe substrate signal
(defined as the difference between the total Fe sub-
strate signal and the “exposed Fe’’) and reducing the
height of the U peak by diluting the U with O. The
analysis showed that the upper region has an areal
density of 1.15 x 108 atorns/cm2 and O:U ratio of
3.2, while the region below has an areal density of
2.30 x 10'8 atoms/cm” and O:U ratio of 3.6. This is
consistent with the notion that annealing removes
oxygen from the surface region of film. In addition,
there was a 0.70 x 10'8 atorns/crn2 layer of Fe,O; at
the interface, which is equivalent to a thickness of
71 nm. Additional spectra were collected from an
annealed sample following an overnight exposure
to air at room temperature. No significant changes
were observed in the spectra as a consequence of the
air exposure.

The bulk crystal structure of the uranium oxide film
at various stages was probed by XRD. The XRD

spectrum shown in the top panel of Fig. 12 was
collected from a newly grown film, the middle panel
was collected from a film that had been heated in
vacuum, and the bottom panel was collected from the
heated sample after exposure to air for 5 days. The
same sample was also examined after 3 weeks of
exposure to air (data not shown). The as-grown film
was unidentifiable from XRD, as no peaks other than
those from Fe substrate are evident in the spectrum.
This indicates that the as-grown film has a very poor
crystallinity, i.e., it is amorphous. When the film was
heated to 450°C in vacuum for 10 min, however,
several peaks appeared suggesting that the film had
crystallized. It should be pointed out that these
peaks do not exactly correspond to any of the common
U(VI) minerals [15,16]. The closest match to the
d-spacings are those from the mineral phase of
UO; 55 or UyOg [15,16]. This mineral is primarily a
UV) oxide and the most commonly found composi-
tion for the mineral ‘“‘uraninite’ [17]. Thus, it can be
concluded that upon heating in vacuum, the film
reduces to U(IV), consistent with the XPS and
NEXAFS results, and also at least partially crystal-
lizes. After exposure to air, the XRD spectra were
unchanged, which suggests that bulk crystal structure
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Fig. 12. XRD spectra collected from the uranium oxide films at various stages.

is unaffected, although XPS shows that the surface
region re-oxidizes to U(VI).

Fig. 13 shows two LEIS spectra collected from the
uranium oxide film. LEIS is sensitive to the elemental
composition of the outermost atomic layer. The lower
spectrum was obtained after the as-grown sample was
heated to 370°C in UHV for 1 min. As expected, peaks
that represent single scattering from U and O are
apparent. A small Fe signal was also detected, how-
ever. The upper spectrum was obtained from a sample
that was put through many cycles of water adsorption
and desorption by annealing at 450°C (the water
adsorption was performed for another experiment,
and is not relevant here). In this case, the intensity
of the Fe peak increased significantly. The increase in
scattering from Fe suggests that more of the substrate
became exposed when the sample was heated at the
higher temperature. This is consistent with the SEM
results, in which the size of the cracks on the surface
increased as the sample was annealed.

LEIS: He" 1 keV

Fe

Heated to 450°C

LEIS signal (arb. units)

Heated to 370°C

| | | | | | 1
300 400 500 600 700 800 900 1000

Energy of Scattered He'(eV)

Fig. 13. LEIS spectra measured at room temperature from the
uranium oxide film after various heat treatments. The bottom
spectrum was obtained after the as-grown film was heated in UHV
for 1 min at 370°C. The upper spectrum was collected after
repeated sample annealing at 450°C and numerous water adsorp-
tion—desorption cycles.
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4. Discussion

The results of the various techniques suggest that
the as-grown film is an amorphous uranium(VI) oxide
with an O:U stoichiometry of 4.5. If the film was
composed of a single mineral, the most likely candi-
date that is consistent with this oxidation state and
stoichiometry is ‘‘partially dehydrated schoepite”.
Schoepite is a common U(VI) mineral with a formula
of [(UO,)30,(0OH),]1(H,0)1, [17]. Schoepite has an
O:U ratio of 5.25, which is somewhat greater than the
RBS result indicates, however. It is known that schoe-
pite transforms slowly in air at ambient temperature
to “metaschoepite”, [(UO,)30,(OH);,](H>0);o, which
has an O:U ratio of 5.0. When subjected to external
stresses (heat, vacuum, or mechanical pressure) the
metaschoepite will transform to “dehydrated schoe-
pite” as follows [17]:

[(U02)802(OH)12](H20)10
— 8[(U02)00'25(OH)1'5] + 10H20 (1)

Dehydrated schoepite has an O:U ratio of 3.75:1,
which is less than the 4.5 U:O ratio found from the
RBS data. Thus, it is likely that the film is a partially
dehydrated schoepite, [(UO,)sO0,(0OH),](H,0)g, with
only short-range order.

The mechanism for growing such a thick amor-
phous film of U(VI) oxide on a Fe substrate is not
completely known. It appears most likely that over-
saturation at the surface of the iron with respect to a
U(VI) oxyhydroxide phase caused surface precipita-
tion. The 1.0 mM solutions (pH 5) that were used to
grow the film are slightly oversaturated with respect to
schoepite (saturationindex = 0.26) based on the che-
mical speciation model MINTEQA?2 [18]. The ther-
modynamic database for this program may be
incomplete, however, and there is an additional ion
pairing and polymerization that has not been taken
into account. Also, the solutions did not show signs of
precipitation upon aging.

If oversaturation is the sole driving force for the film
growth, then any heterogeneous boundary that exists
in the solution should also result in precipitation. To
investigate this possibility, W and Mo foils were
reacted in solutions under the same conditions that
produced the thick uranium oxide films on Fe [19].
The W and Mo foils were first sputter cleaned with

Ar™ in UHV to remove most of the native oxide, and
then exposed to air for 15 min prior to reaction. Thick
uranium oxide films did not form on either W or Mo,
however, after reaction times of up to 3 h. Thus, there
must be another mechanism responsible for the thick
film formation on the Fe foil surface.

There are two possible explanations for the film
growth mechanism that are specific to Fe. The first is
that the local pH in the vicinity of the Fe surface is
higher than in the bulk of the solution, which would
make uranium hydroxide precipitation possible only
in the vicinity of the surface. The continuous corrosion
of the Fe in solution in the absence of oxygen could
contribute to the increase in the local pH according to
the following reaction:

Fe’ 4+ 2H,0 — Fe’* + 20H™ + H, )

Thus, locally high pH at the iron surface could have
resulted in the precipitation of an amorphous uranium
hydroxide. The second possibility is that the reaction
that initiated the uranium precipitation is the oxida-
tion of the Fe by uranyl, according to the following
equation:

Fe’ 4+ UO,>" — Fe?t + U0, (s) (3)

In this case, a thin film of UO, (s) would have formed
on the surface of the iron and would have served as a
template for uranyl hydroxide precipitation.

It has generally been accepted that the reaction of
uranyl with ZVI is via reduction and precipitation of a
UdV) oxide [7,20]. According to the second scheme,
this reaction initiates the precipitation of the thick
layer of U(VI) oxide. The thin layer of UO, acts as a
nucleation surface for the continuous precipitation of
the amorphous U(VI) oxide. Evidence for this
mechanism can be found in studies of uraninite oxida-
tion. When uraninite (UO, (s)) oxidizes to U4QOg, there
is a slight mismatch in the unit-cell parameters
between the two crystal phases [4]. However, the
“fit” is sufficiently good that the U0 will form
on UO,, with a somewhat weakened grain boundary.
It is likely that the ““amorphous’ uranyl oxide that we
observe is a transition phase that more closely matches
the unit-cell spacing of the UO, template. Electro-
chemical investigations of the oxidation of U4Oq to
U305 reported the development of a 5-10 nm thick
U0y surface layer [4]. It is important to note that the
difference between the unit-cell parameters for U4Oq
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and U305 are small, but a large degree of cell expan-
sion and recrystallizaton occurs upon continued oxi-
dation to U30g [21]. The reason for not observing the
layer of reduced U in the XPS spectra would be
attributed to the fact that the ‘“‘schoepite film” is
too thick. In addition, the amount of U(IV) would
be negligible compared to the amount of uranium in
the bulk of the film so that the bulk-sensitive techni-
ques employed, such as NEXAFS, are not sensitive
enough to detect it.

Thermodynamic calculations show that all of the
metals, Fe, W, and Mo, should be oxidized by the
uranyl ion. The oxidation of Fe by uranyl has been
observed, indicating that there are no activation bar-
riers or kinetics problems to this reaction. From our
limited studies, however, we have no indication that
the reaction occurs with either W or Mo. This is
attributed to passivate oxide layers on the metals or
to kinetic inhibitions associated with high activation
barriers that make the reaction exceedingly slow. The
W and Mo metal surfaces did not react with the uranyl
and the precipitation of the amorphous U(VI) oxide
therefore did not have the proper nucleating surface or
locally high pH.

It thus appears that either a locally high pH at the
surface of the iron or an initial redox reaction is likely
responsible for initiating the amorphous schoepite
precipitation. Further investigations are underway in
our laboratory to explore the possible growth mechan-
isms and the conditions which favor U(VI) reduction
by iron metal [19].

The similarity in morphology before and after
heating, as evident in the SEM images, might suggest
that the heated film has a similar crystal structure
as the as-grown film. The XRD spectra collected
from the as-grown film, however, indicate an amor-
phous phase. Because the O:U ratio decreases upon
heating in vacuum, it is likely that water and oxygen
evaporate from the film and the atoms rearrange
locally; XRD measurements show that at least a
fraction of the reduced film is U4Oq. Thus, there
is no massive diffusion of U atoms throughout the
film, which explains why there is little change in
morphology upon heating other than the enlarged
cracks. Note that the multi-layer structure showed
in Fig. 10 indicates that a longer annealing time
is actually needed to convert the entire film to the
reduced form.

The thermally activated reduction of scheopite
causes oxygen to diffuse through the film, but oxygen
is not expected to react preferentially at the interface
with Fe because of the thermodynamic barrier.
The AH; per O atom for scheopite is estimated
at —419 kJ mol ™! [22], while the AH; for Fe,O5 is
about —275 kJ mol ™! per O atom [23]. Even the
removal of one of the water groups from scheopite
would consume about 300 kJ mol ! [22]. Thus, it is
thermodynamically uphill to move oxygen from the
uranium film and react it with the underlying Fe metal.
The increased thickness of the Fe,O; layer after
annealing that was determined from the RBS data
is most likely because the two measurements were
performed on different samples.

The trace amount of Fe estimated from RBS
data and seen with LEIS can be explained by the
cracks present in the films. The open regions expose
the Fe substrate to the incoming ions. The small
number of cracks in the as-grown film could result
from a loss of water, since the samples were stored
in a vacuum desiccator for an extended period of
time after growth. This notion is supported by the
fact that cracks were not seen in another sample that
was stored in air, but did appear on that sample after
it was heated in vacuum (data not shown), since
heating does initiate the loss of water. Thus, it is
possible for a sample to be placed under vacuum for
only a short period of time, so that the cracks have
not yet formed.

In order to use these samples as substrates for
certain other experiments, it is important to grow them
without cracks so that the Fe substrate is not exposed.
For the U(VI) oxide, this can be accomplished by
maintaining a moist environment. For the U(IV)
oxide, however, this is more difficult as it is formed
by heating in vacuum. A possible method for produ-
cing a uniform U(IV) oxide would be to alternate
cycles of growth and annealing. First, a U(VI) film
would be grown in solution. Then it would be annealed
in vacuum to reduce the film to U(IV), but this would
induce pinholes. The pinholes could then be filled in
with an additional film growth step. This would be
followed by another annealing, and so on. Such a
process may enable the production of a U(IV) film
without the presence of cracks. However, this has not
yet been tested and it has also been shown that
dehydrated schoepite may inhibit the reprecipitation
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of schoepite [24]. It is also important to note that the
dehydration of schoepite is irreversible [17].

5. Summary

A novel method was discovered for growing ura-
nium oxide films onto Fe surfaces from solution. The
as-grown films are a amorphous U(VI) oxide with
incorporated water. After annealing in vacuum, the
films reduce to U(IV). Although the surface will
oxidize in air to U(VI), the bulk of the U(IV) films
are inert to re-oxidation. These methods provide a
unique way to make quality films of U(VI) and U(IV)
in a safe, economical manner. The chemical composi-
tions of films are very similar to those of spent nuclear
fuel materials. The success of this work has great
promise for enabling various fundamental and applied
studies of uranium oxide surfaces.
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